The effect of ultraviolet radiation (UVR) on photosynthetic efficiency and the 16 resulting mechanisms against UV exposure employed by phytoplankton are not 17 completely understood. To address this knowledge gap, we developed a novel close-18 coupled, wavelength-configurable platform designed to produce precise and repeatable in 19 vitro irradiation of Corethron hystrix, a member of a genera found abundantly in the 20 Southern Ocean where UV exposure is high. We aimed to determine its metabolic, 21 protective, mutative, and repair mechanisms as a function of varying levels of specific 22
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Introduction: 34
Diatoms are microscopic photosynthetic algae that are ubiquitous throughout the 35 surface waters of the oceans (Lohman 1960) , account for roughly 40% of oceanic 36 primary production, and one-fifth of the Earth's total primary production (Falkowski and 37 Raven 2007) . Diatoms also play a vital role in the global carbon cycle through their 38 uptake of dissolved CO 2 and subsequent carbon fixation that forms the base of the marine 39 food web (Armbrust 2009 In phytoplankton, UV exposure can inhibit photosynthesis, based on the relative 47 dose and dose rate (Cullen and Lesser 1991) . An inhibition of the photosynthetic rate 48 causes a decrease in the rate of primary production, with consequences in marine 49 ecosystems as well as terrestrial environments. Phytoplankton can also produce 50 protective compounds to combat the deleterious effects of UVR such as mycosporine-like 51 amino acids (MAAs), DNA photolyases and many more undefined compounds (Helbling 52 et al. 1996; Coesel et al. 2009 ). These compounds, when added to commercial products 53 such as sunscreen (Berardesca et al. 2012; Emanuele et al. 2013) , show promise in 54 reducing carcinogenic effects of UV exposure in humans. Advances in this field require a 55 reliable method to induce and measure damage in a controlled laboratory setting. 56 platform (Lumenautix Inc., Reno, NV, USA; Supplementary Fig. S1 ). The overall 114 experimental period consisted of both control and experimental conditions running for six 115 hours, followed by a dark period of six hours for the two conditions. 116
NEST Configurable Emitter Array 117
The NEST array is comprised of multiple discrete solid-state emitters operating in 118 two modes, VIS and UV connected to a control unit (Supplemental Text). The output is 119 regulated and temperature compensated for constant current DC -allowing for precise 120 control and stability of light output. Visible LEDs are blue (3), red (3) and white (6) and 121 the UV emitters (3). For this work only the UV and white LEDs were used. The white 122 LED color temperature is 3985K and the output can vary between 4 and 380 µmol m -2 123 sec -1 . 124
The LED array allows for the precise and repeatable incremental in vitro irradiation 125 of target organisms to determine their protective, mutative, and repair properties as a 126 function of varying levels of specific electromagnetic energy ( Supplementary Fig. S1 ). 127
The energy categories can be adjusted incrementally and independently to affect the 128 organism's biological functions and to stress the organism to evoke specific physiological 129 responses or cause DNA / RNA mutations. 130
Net UVR organism exposure was reported from the emitter array's gross output 131 after subtracting attenuation from surface reflection, transmittance, absorption, and 132 diffusion of the quartz glass container and seawater. This attenuation was approximately 133 25% of the gross emitter output. Data were collected every hour for UVR energy 134 intensities of 0.32 and 0.64 mW/cm 2 (measured at 285 nm, 12 nm FWHM). At higher 135 doses of 0.96 -1.59 mW/cm 2 (285 nm 12 nm FWHM), measurements were collected 136 every 30 minutes. Raw data were processed and plotted using the ggplot2 package in the 137 R environment (Wickham 2009 ). Rate constants for both Fv/Fm and sigma were 138 calculated using a linear regression model also using R. 139
Illumina sequencing and Gene Expression analysis 140
After photosynthetic kinetic measurements were made, total RNA was extracted 141 immediately in duplicate from cells in the mid-exponential phase of growth directly after 142 Table S1 ). 156
Raw Sequencing reads were trimmed using the sequence trimming program 157
Trimmomatic with the following options: Remove any Illumina adapter, cut off the end 158 of any read where the quality score falls below 10, use a sliding window of 5 to cut and 159 trim any base where the average quality score falls below 32 for that window and only 160 keep trimmed reads with a minimum length of 72. (Bolger et al. 2014 ( Supplementary Fig. S2b ). Under UV light of different intensities, chlorophyll a content 215 1 1 S3). Additionally, there was no significant increase in cell growth over the irradiation 217 period. However, light microscopy revealed morphologically altered cells in the UVR 218 exposed cultures compared to control cultures. The percentage of morphologically intact 219 cells was mostly constant for the lower UVR intensity levels (0.32 -0.64 mW/cm 2 ), with 220 a small decrease during the last two hours at 0.64 mW/cm 2 (Fig. 1 ). However, higher 221 intensities (0.96 -1.59 mW/cm 2 ) caused a pronounced decrease in the amount of 222 morphologically intact cells, especially during the last two hours of UVR exposure ( Fig.  223 1). 224
Photosystem II 225
To monitor the changes in PSII during exposure to UVR, photosynthetic kinetic 226 measurements were recorded for C. hystrix using FRRF (Fig. 2) . Several photosynthetic 227 parameters were derived from FRRF measurements. First, Fv/Fm empirically represents 228 the maximum quantum yield of PSII ( Fig Supplementary Table S2 ) with the rate of decay 237 increasing with intensity ( Supplementary Fig. S4-S8 , Supplementary Tables S3-S7) . 238
Conversely, sigma increased linearly with increasing intensity, demonstrating an inverse 239 relationship between sigma and Fv/Fm for all doses of UVR in this study, with sigma 240 increasing and Fv/Fm decreasing as damage accumulated ( Fig. 2 AB, Supplementary Fig.  241 S4-S8). At the higher UVR intensities there was a notable decrease in sigma as 242 photosynthesis became inhibited ( Supplementary Table S2 ). Overall, UVR had a 243 powerful effect on the fluorescence kinetics of PSII, especially at the higher UVR 244 intensities (0.96 -1.59 mW/cm 2 ) ( Fig. 2 , Supplementary Tables S5-S7 ). For example, 245 sigma increased only 15% from the start of the UVR exposure until the end for the lowest 246 UVR intensity of 0.32 mW/cm 2 , with the largest increase evident after three hours under 247 irradiation ( Supplementary Fig. S4 , Supplementary Table S3 ). In comparison, at 0.96 248 mW/cm 2 , we observed a similar 15% increase in sigma within the first two hours of the 249 start UVR exposure, with a total increase in sigma of approximately 56% over the 250 irradiation period ( Supplementary Fig. S6 , Supplementary Table S5 ). Furthermore, UVR 251 intensities of 0.96 mW/cm 2 and 1.28 mW/cm 2 had very strong and similar responses. The 252 rate of change of sigma for each of these two treatments was almost identical and 253 approximately 44% faster than the rate of change observed at 0.64 mW/cm 2 254 ( Supplementary Table S2 ) and 72% faster than the rate observed at 0.32 mW/cm 2 . At the 255 highest intensity of 1.59 mW/cm 2 , the rate of change for sigma was slower than the rate at 256 0.96 mW/cm 2 and 1.28 mW/cm 2 , likely because of extreme damage to the photosynthetic 257 reaction centers. 258
We used RNA-seq to evaluate the expression response of C. hystrix PSII 259 transcripts for a single UVR intensity (0.64 mW/cm 2 ). This intensity was chosen because 260 the majority of cells remained morphologically intact throughout the six-hour irradiation 261 period ( Fig. 1 ). There were 12 differentially expressed PSII related transcripts detected 262 directly after UVR exposure ( Fig. 3, Supplementary Fig. S9 ). All 12 transcripts were 263 downregulated and demonstrated little variation in their fold changes, indicating a strong 264 and coordinated transcriptional response ( Fig. 3 , Supplementary Fig. S9 , Supplementary  265   Table S8 ). Specific transcripts, related to proteins such as the reaction center core D1 and 266 D2 proteins were significantly downregulated (adjusted p < 0.001; Supplementary Table  267 S8), corresponding with observed decreases in the photosynthetic efficiency. Moreover, 268 translated transcripts mapping to cytochrome c550, cytochrome b559 and PSII PsbH 269 proteins were also strongly downregulated. 270
Reoxidation of the Electron Acceptors 271
There was very little change in tau 1 during the first 2.5 hours for any dose of 272 UVR (Fig. 2C ). After 2.5 hours, turnover time began to increase for the larger UVR 273 doses: 0.96, 1.28, and 1.59 mW/cm 2 (Fig. 2) . Overall, tau 1 turnover time increased from 274 26.61 µs at 0.32 mW/cm 2 to 1114.0 µs at 1.28 mW/cm 2 -an approximately 42x increase 275
( Supplementary Table S9 ). At the highest UVR energy (1.59 mW/cm 2 ), tau 1 turnover 276 time initially followed the same trend as 1.28 mW/cm 2 . However, there was a significant 277 decline in the turnover time after 5 hours ( Fig. 2C , Supplementary Table S9 ), likely 278 because of a severe inhibition in photosynthesis. 279
Tau 2 reacted similarly to tau 1 during UVR exposure, although turnover time for 280 tau 2 was much longer, on the order of milliseconds instead of microseconds ( Fig. 2D) . 281
For the first two hours of irradiation, there was no significant change in the turnover rate 282 for tau 2 (Fig. 2D ). After 2.5 hours, tau 2 increased with each successive increase in UVR 283 energy, with the exception of 1.59 mW/cm 2 , which decreased after 5 hours, similar to the 284 behavior of tau 1 for the same treatment ( Fig. 2D , Supplementary Table S10 ). decreased in abundance and one increased, demonstrating a coordinated downregulation 297 of the supplemental electron transport genes. These results are corroborated by the 298 increases in tau 1 and tau 2 turnover times (0.64 mW/cm 2 ). 299
Photosystem I and RuBisCO 300
Photosynthetic kinetic measurements for photosystem I (PSI) are not reported in 301 this study because they are outside the resolution of the current FRRF machine. However, 302 gene expression of PSI genes was analyzed for the 0.64 mW/cm 2 UVR treatment ( Fig. 3 Table S11 ). None of the transcripts in our data mapped to hexokinase 1 6 homologs based on the results from both HMM protein detection and BLASTX 332 (Camacho et al. 2009 ). 333
In the tricarboxylic acid (TCA) cycle, we observed 14 differentially expressed in 334 silico translated transcripts mapping to 5 homologous Uniprot proteins in the TCA cycle 335
( Supplementary Table S12 ). The rate limiting step of the TCA cycle, isocitrate 336 dehydrogenase, increased in abundance compared to non-irradiated cells, however the 337 variability between individual transcript expression was very large (Fig. 5 ). Similar to the 338 transcriptomic results observed in the glycolytic pathway, the overall expression of the 339 TCA cycle was mixed with the same number of up and downregulated transcripts ( Fig. 5 , 340 Supplementary Table S12 ). 341
DNA Repair 342
There were 70 DNA repair transcripts that were differentially expressed after 343 UVR radiation based on ontological mappings ( Supplementary Table S13 ). Out of those 344 transcripts, 64% (45/70) were decreased in abundance compared to the non-irradiated 345 cells ( Fig. 6 ). Transcripts that increased in abundance were related to recombinational 346 DNA repair. Nine in silico translated transcripts mapped to RecA homologs ( Fig. 6 ), all 347 of which were increased in abundance, including a transcript with a log2 fold change of 348 8.04 (256-fold increase) -the largest increase in abundance from the DNA repair 349 pathway over non-irradiated cells. There is also an upregulated transcript related to a 350 photolyase homolog, an enzyme that plays a crucial role in UV-induced DNA repair. 351
Preliminary Recovery 352
Following UVR exposure, we conducted a dark recovery period of 6 hours and 353 measured the transcriptional response. In contrast to the results seen directly after UVR 354 exposure and cellular damage, transcripts in the auxiliary metabolic pathways greatly 355 increased in abundance after dark recovery ( Fig. 3-6 , Supplementary Tables S14-S17) . 356
Approximately 90% of the translated transcripts that mapped to homologous glycolytic 357 and TCA cycle pathway homologs increased their abundance, even after a short dark 358 recovery period of 6 hours. Many transcripts produced log 2 fold changes greater than 359 two, with several greater than log 2 of seven. Furthermore, we observed a notable increase 360 in the amount of DNA repair proteins that were upregulated after dark recovery (Fig. 6) . 361
After UVR exposure, approximately 36% of the DNA repair transcripts were increased in 362 abundance compared to the non-irradiated cells; however, after dark recovery that 363 number increased to approximately 76% of the transcripts. It was also observed that 364 transcripts that were increased in abundance directly after irradiation seemed to further 365 increase their abundance after dark recovery. 366
Discussion: 367
Controlled laboratory studies describing the impact of UVR on phytoplankton 368 have the potential to improve our understanding of photosynthetic damage and repair as 369 well as general DNA damage and repair. To develop a controlled laboratory methodology 370 for studying the impacts of UVR on photosynthetic and metabolic pathways, we 371 developed a UV light emitter to deliver repeatable doses at a high resolution across a 372 wide spectrum of intensities to monitor for break points in photochemical efficiency 373 using FRRF. To test our emitter array, we selected a cosmopolitan open-ocean diatom, of 374 which members of its genus are found in the Southern Ocean where seasonal UV 375 intensity is high due to ozone depletion. For example, during the spring, pennate and 376 centric diatoms comprise a large portion of the Southern Ocean biomass, and the genus 377
Corethron is one of the top four genera (Vincent 1988 ). We chose the diatom C. hystrix 378 for our study. 
Photosynthetic Kinetics and Gene Expression 393
Photosystem II damage was affected by both UVR intensity and time during our 394 study, with damage from the highest irradiation treatments ultimately resulting in a loss 395 of photosynthetic function -Fv/Fm becomes approximately zero ( Fig. 2A,  396 Supplementary Fig. S4-S8 ). The observed decrease in Fv/Fm is likely caused by UVR 397 directly damaging PSII reaction centers while also increasing C. hystrix's susceptibility to 398 photoinactivation (Rijstenbil 2002) . We also observed a corresponding increase in sigma, 399 the functional cross section of PSII which is proportional to the amount of number of 400 chlorophyll molecules per photosystem II reaction center. This increase may be an 401 environmental adaption to the extreme conditions, where under these conditions, 402 chlorophyll molecules may be transferring their excitation energy away from the 403 damaged reaction centers and into the remaining functional reaction centers, thus 404 increasing the amount of chlorophyll molecules servicing the functional centers and 405 increasing the efficiency of energy transfer of those intact centers. 406
We observed that UVR intensity begins to have a significant effect on the 407 photosynthetic efficiency and energy transfer by 3 hours at the UV intensity of 0.64 408 mW/cm 2 . These results suggest that the time-dependent damage exceeded repair, 409 provoking an increase in photoinactivation. Furthermore, higher UV intensities (1.28 and 410 1.59 mW/cm 2 ) accelerate photoinactivation much more rapidly, because more reaction 411 centers are being irrevocably damaged. The observed decrease in sigma after 3-4 hours 412 ( Fig. 2B) , for both 1.28 and 1.59 mW/cm 2 , indicates that the majority of the reaction 413 centers have been damaged or that chlorophyll can no longer funnel the excitation energy 414 through the functional reaction centers (i.e., a loss of photosynthetic function). Thus, it is 415 clear that photosystem operation is maintained at moderate UVR intensities (0.32-0.96 416 mW/cm 2 ) but the cell can only withstand irradiation for several hours before the 417 photosystem is unable to absorb and transfer energy. Intuitively, it would be assumed that if these subunits were being actively 461 damaged there would be an increase in their individual gene expression to help mitigate 462 and replace damaged protein subunits. UVR exposure, however, has many other cellular 463 consequences including an increased amount oxidative stress within the cell (Rijstenbil 464 2002) . The Reactive Oxygen Species (ROS) produced during oxidative stress can have 465 serious deleterious effects including photodamage to photosynthetic machinery, an 466 imbalance in the photosynthetic redox signaling pathways and direct inhibition of D1 467 synthesis, which is necessary for PSII repair (Gururani et al. 2015) . The result of these 468 effects is increased photosynthetic photoinhibition. After UVR irradiation, we observed 469 an upregulation of transcripts related to ATP-dependent Clp proteases and cysteine 470 proteases, chloroplast specific enzymes which play a role in protein turnover, suggesting 471 the cells may indeed be dealing with an increased amount of damaged proteins (Olinares 472 et al. 2011). Additionally, ROS can also activate a signaling cascade, where receptors 473 transmit signals to regulatory molecules which decrease nuclear gene expression of 474 photosynthetic genes (Gururani et al. 2015) . This likely explains why nearly complete 475 downregulation of photosynthetic genes is observed for organisms subjected to UVR 476 (Rijstenbil 2002; Gururani et al. 2015) . 477
Tau is a proxy for the PSII reaction center turnover time (Kolber et al. 1988) . 478
Both tau 1 and tau 2 turnover times increase significantly at UVR intensities of 0.64-1.59 479 mW/cm 2 (Fig. 2CD ). This is because the plastoquinones QA and QB are directly 480 susceptible to UVR damage (Melis et al. 1992) . Our data also illustrate that turnover time 481 corresponds to intensity ( Fig. 2C-D, Supplementary Fig. S4-S8 , Supplementary Tables  482 S3-S7, S9 and S10). With turnover times increasing up to 0.14 seconds for tau 2 at 1.28 483 mW/cm 2 (Fig. 2D ), these long reoxidation times have a detrimental effect on 484 photosynthesis as excess photon energy causes a buildup of oxidative radicals, thus 485 explaining the genetic downregulation of photosynthetic genes and almost complete loss 486 of photosynthetic function at higher intensities of UVR. 487
Previously it was observed that the redox state of QA may have an effect on the 488 abundance of light harvesting complex transcript abundances (Maxwell et al. 1995) . This 489 phenomenon is perhaps another driving force behind the decrease in abundance in the 490 majority of light harvesting complex transcripts. As the turnover time for QA increases 491 during UVR exposure, the cell may reduce the abundance of certain light harvesting 492 proteins in order to prevent an increase in irradiance stress and higher photoinhibition. Uniprot homologs, decreased in abundance during irradiation. The majority of the PSI 513 transcripts map to psaA and psaB which code for PSI P700 chlorophyll a apoprotein A1 514 and A2 respectively. PsaB binds hydrophobically to psaA to form the major reaction 515 center of PSI (Falkowski and Raven 2007) . Additionally, the PSI subunit II (psaD) 516 transcripts were also significantly downregulated. PsaD is an important protein that is 517 crucial for the stability and correct assembly of PSI while also providing a ferredoxin 518 binding site (Hou et al. 2017 ). The decreased abundance of psaA, psaB, and psaD 519 transcripts indicates that like PSII and the b 6 f complex, transcriptional downregulation 520 was most likely influenced by PSII photoinhibition and oxidative stress, which means it 521 could possibly act as a secondary protective strategy to prevent increased stress and 522 photoinhibition. 523
The first stage of the photosynthetic dark reactions is the fixation of CO 2 into 3-524 phosphoglycerate, which is catalyzed by the protein RuBisCO. RuBisCO is the most 525 abundant protein on Earth due to its crucial function combined with its inefficiency as a 526 carboxylase (Raven 2009; Raven 2013) . Our data demonstrated a coordinated 527 downregulation for the transcripts mapping to the RuBisCO homologs, with all 528 transcripts decreased in abundance compared to non-irradiated cells (Fig. 3) . Previous 529 research on higher order plants demonstrated that UVR exposure caused a large decrease 530 in the activity and expression of RuBisCO when compared to control samples in pea 531 leaves (Strid et al. 1990 ; Mackerness et al. 1999 ). Moreover, similar RuBisCO decreases 532 were also observed in jackbean leaves (Choi and Roh 2003) . This implies that the 533 mechanism for gene expression decreases in RuBisCO expression ties directly back to the 534 activity of the RuBisCO protein as well as through direct deactivation of its synthesis, 535 similar to these previous studies (Choi and Roh 2003) . 536
Metabolic Pathway Expression 537
UVR exposure is known to cause other metabolic gene expression changes in 538 higher level plants (Jenkins 2009 ). The glycolytic cycle is the first phase in the 539 catabolism of cellular carbohydrates (Nelson and Cox 2005). The TCA cycle, the second 540 phase of catabolism, is an important source of the cellular reducing agent NADH, which 541 helps generate the proton gradient that is critical for the production of ATP through 542 electron transport (Nelson and Cox 2005). In our study, a coordinated downregulation of 543 transcripts mapping to glycolysis and the TCA cycle was not observed, rather we 544 observed a mixed gene expression pattern directly after UVR exposure (Fig. 4, 5) , 545
suggesting that certain enzymes may be shared between multiple pathways for other diatoms, produce photoreactivating proteins called photolyases which directly remove the 560 deleterious dimers (Coesel et al. 2009 ). Our data demonstrate that a single transcript 561 mapped to a photolyase homolog, and it significantly increased in abundance directly 562 after irradiation (Fig. 6 ). With its important role in DNA repair, future studies should 563 identify the functional significance for this particular photolyase and how it affects the 564 overall fitness of C. hystrix during UVR exposure. 565
Additionally, there are times where these photoproducts can lead to secondary 566 DNA breaks, or UVR is so intense that double stranded breaks become one of the main 567 photochemical end-products (De Mora et al. 2000) . With the emergence of double-568 stranded breaks, the gene recA is recruited to initiate the cellular SOS response, which 569 regulates between 50 and 66 genes involved in double stranded DNA (dsDNA) repair 570 (Smith et al. 1987; Janion et al. 2002) . RecA mediates homologous recombination repair, 571 which will function to maintain the integrity of DNA. We observed all transcripts 572 mapping to Uniprot recA homologs significantly increased in abundance relative to non-573 irradiated cells (Fig. 6) , implicating the activity of these enzymes in dsDNA repair during 574 our study. Furthermore, two site specific DNA-methyltransferase transcripts, which are 575 known to induce the cellular SOS response, were also significantly increased in 576 abundance directly after UVR exposure (Heitman and Model 1987) further highlighting 577 the cells adaption to managing UVR exposure. 578
Preliminary Recovery 579
After 6 hours of recovery in dark conditions, several photosynthetic light-580 harvesting transcripts increased in abundance compared to the non-irradiated samples, 581 with some homologs demonstrating a reversal in expression ( Fig. 3 , Supplementary Table  582 S14). These results suggest that the cell is possibly trying to repair certain aspects of its 583 UV damaged photosynthetic clusters in order to survive, as photodestruction can cause a 584 complete loss of function for the complex (Lao and Glazer 1996) . As the light harvesting 585 complex provides the light energy for the photosystem reaction centers, it would be 586 beneficial for the cell to repair the harvesting complex. Furthermore, homologous 587 transcripts that were part of the cytochrome b6/f complex or maintained roles in 588 photosynthetic electron transport also increased in abundance after night recovery. The 589 largest change in abundance was by a petF transcript, which codes for the photosynthetic 590 ferredoxin protein. This expression reversal may indicate that the cells are trying to 591 restart and repair electron transport before PAR light returns to re-energize the 592 photosynthetic system, or that ferredoxin may have a supplemental role in the defense 593 against lingering oxidative stress similar to its response after other biotic attacks (Bilgin 594 et al. 2010) . 595
Moreover, despite the tremendous diversity of diatoms, with species estimates 596 ranging from 1 × 10 4 (Norton et al. 1996) to 2 x 10 5 (Allen et al. 2006 ), few studies have 597 focused on the potential biomedical applications of bioactive compounds produced by 598 these organisms (Coesel et al. 2009; Prestegard et al. 2009 ). There were two polyketide 599 synthetase transcripts which were significantly upregulated after dark recovery (Fig. 6) . 600
These enzymes are important in the biosynthesis of many natural products and could be 601 involved in the production of compounds such as mycosporine-like amino acids (MAAs) 602 (Klisch 2008) . 603 Still, while there was an upregulation of some transcripts during the dark recovery 604 period, many transcripts especially PSI and II transcripts, were still downregulated after 605 dark recovery ( Supplementary Table S14 ). These results suggest that while the cell is 606 actively trying to repair its photosystem, the damage may have been severe enough that 607 recovery of the whole photosynthetic pathway was not possible during the six-hour 608 recovery period (Neale et al. 1998; Fritz et al. 2008) . 609
Our emitter array produced morphological, physiological and molecular responses 610 with extremely high resolution and reproducibility. We demonstrate, based on C. hystrix 611 physiological measurements, that our emitter array allowed us to directly manipulate the 612 rate and intensity of photosynthetic damage based on the specific applied UVR energy 613 intensities. We were also able to modulate metabolic gene expression changes. This 
